[1] Five-year (2001Five-year ( -2005 high-resolution radiosonde data were processed to obtain the gravity wave (GW) variabilities in the lower stratosphere over South Pole (SP). Our results show that GW activities in the lowermost section (10-15 km) are strongest in May and September and weakest in the austral summer, whereas in the altitude range of 15-25 km, strongest/weakest GW kinetic energy is observed around September/January. We also explored the relationships of GWs to the synoptic-scale variations in the troposphere and the ageostrophic motions in the upper troposphere over the Antarctic, which are expected to be significant mechanisms for GW generation. A ray-tracing model (GROGRAT) was used to explore the relationship between GW propagation and the background field. In the altitude of 15-25 km, the annual cycle of GW activity resembles that of adjustment process. Below 15 km, the annual cycle of GW activity has two peaks in May and September. Our analysis suggests that these two peaks are due to the variation of topographic GW generation and filtering of background atmosphere. Due to criticallevel filtering in the lowermost section, topographic GWs cannot propagate upward, which makes the shape of GW annual cycle at higher altitudes closer to the annual cycle of adjustment processes. The analysis suggests that the minimum of GW activity at SP during the austral summer may be due to the combination of weaker wave generation from adjustment processes associated with synoptic-scale systems, flow over topography, and unfavorable background field for GW propagation.
Introduction
[2] Atmospheric gravity waves (GWs) are generally excited in the lower atmosphere by a variety of mechanisms such as flow over topography, convection, wind shear, and adjustment from unbalanced flow. As they propagate upward, they transport momentum and energy from the lower atmosphere to the middle atmosphere. Due to the exponential decrease of atmospheric density, GWs' amplitude grows exponentially with altitude as they propagate upward. Dissipation of GWs eventually happens because of a variety of processes, such as wave-mean flow interactions, critical level filtering and convective and dynamical instabilities. When GWs dissipate, their energy and the momentum they transfer are deposited into the background mean winds. The acceleration and deceleration of mean flow by GWs are important for the general circulation of middle atmosphere [Fritts and Alexander, 2003] . The effects of GWs on the atmospheric circulation must be accounted in large-scale general circulation models (GCMs) in order to correctly simulate the general circulation of atmosphere. High-resolution GCMs, which resolve some parts of small scale GWs, have been used to simulate middle atmosphere circulation, examine the global distribution of GW characteristics, and demonstrate significant improvements on reducing bias and reproduce QBO-like oscillation in the tropics with finer resolution [Hamilton et al., 1999; Sato et al., 1999; Koshyk and Hamilton, 2001; Watanabe et al., 2008] . However, because of GWs' wide range of temporal (from minutes to days) and spatial (from several kilometers to thousands of kilometers) scales, explicitly resolving GWs with a full three-dimensional spectrum in numerical models still requires an inhibitive amount of computing resource. Thus the effects of GWs must be represented in GCMs by parameterization schemes. A variety of GW parameterization schemes involves specifying wave source spectrum in the lower atmosphere which requires constraints from observations [Fritts and Alexander, 2003] . Characterizing the sources of these waves in the lower atmosphere and understanding their relationships with GWs in the stratosphere is crucial to provide physical constraints on GW parameterization for GCMs.
[3] The polar atmosphere remains a particularly important region for research on global climate change. The global meridional circulation is manifested as a strong upwelling in the summer polar middle atmosphere, creating the coldest atmosphere on Earth near the mesopause region [Fritts and VanZant, 1993; Houghton, 1978] . The cold summer mesopause results in a pole-to-pole temperature gradient that is opposite to what is implied by the radiative balance. Atmospheric GWs are believed to play a crucial role in driving this meridional circulation by transporting horizontal momentum upward as they propagate into the mesosphere and dissipate [Fritts and Alexander, 2003] . Recently various studies have characterized the GWs in the polar region through various observational platforms. For example, Pfenninger et al. [1999] characterized GWs both in the troposphere and lower stratosphere over South Pole (SP) based on high resolution radiosondes from 1993 to 1996. They found no preferred horizontal propagation direction for waves in the troposphere and stratosphere. About 80% of waves in the stratosphere propagated upward, indicating wave sources in the troposphere. Analyzing 10 years of operational radiosondes data from the Arctic (12 stations) and Antarctica (21 stations), Yoshiki and Sato [2000] compared the characteristics of GWs in the lower stratosphere in the polar regions. It was found that at the coastal stations in Antarctica the correlation between stratospheric GWs and surface wind was much lower than those in the Arctic. In the meantime, a high correlation of GW energy with stratospheric winds was found in the Antarctic. Topography was important for waves in the stratosphere over the Arctic but not for the coastal stations of Antarctica because they were removed through critical-level filtering at approximately 5 km. Baumgaertner and McDonald [2007] obtained the seasonal and altitudinal distribution of GW energy in the lower stratosphere (10 -30 km) over the Antarctic by analyzing global positioning system (GPS) radio occultation data from CHAMP (CHAllenging Minisatellite Payload). These studies showed that the GW activity over Antarctica were generally stronger during austral spring, which is attributed to the seasonal variation of critical-level filtering and Doppler shifting by the mean winds. Hei et al. [2008] analyzed 5-year GPS radio occultation data from CHAMP in polar regions of both hemispheres and suggested that the enhancement of GWs in the stratosphere over Antarctica was related to the decay of polar vortex. Vincent et al. [2007] analyzed data collected by superpressure balloons over the Antarctic and found that generally stronger GW variance over mountainous regions such as Antarctic Peninsula. A recent study by Sato and Yoshiki [2008] discussed gravity wave generation based on intensive high-resolution radiosonde observations in the Antarctic in terms of the spontaneous adjustment from unbalanced flow in the stratosphere. Alexander and Vincent [2000] were able to simulate the seasonal variation of GW momentum flux in the tropical lower stratosphere by setting a wave source without seasonal and interannual variation. Thus the variation of GW activity in the stratosphere can be introduced by a combination of source variation and background filtering. In this study, we attempt to characterize the seasonal variation of GW activity in the lower stratosphere over SP and investigate the possible causes of the seasonal variation of GW activity in the lower atmosphere from several aspects. The main objective of this study is to investigate the relationships between the GWs observed in the lower stratosphere above SP and synoptic-scale disturbances in the troposphere and adjustment process from the imbalance of flow in the lower stratosphere, upper troposphere over the Antarctic. The importance of background atmosphere and orographic GW near SP was also noted during the course of the study. The paper is organized as follows. Section 2 introduces the high vertical resolution radiosonde data at SP and the method of separating wave perturbation and background structure. Section 3 describes the seasonal variation of GW activity in the lower stratosphere at SP and the mean background atmospheric conditions. Section 4 discusses the relationships between the GW activities at SP with various possible sources. Section 5 discusses a scenario that GW sources have no seasonal or interannual variations and demonstrates how changing background atmosphere alone can affect the GWs observed in the lower stratosphere via ray-tracing experiments. Our summary and conclusions are presented in section 6.
Data and Methodology
[4] High vertical resolution radiosonde data have long been used to characterize GWs in the troposphere and lower stratosphere [Allen and Vincent, 1995; Nastrom et al., 1997; Pfenninger et al., 1999; Sato et al., 2003; Tsuda et al., 2004; Vincent and Alexander, 2000; Wang et al., 2005] . The meteorology office at Amundsen-Scott South Pole Station makes high-resolution radiosonde measurements for the U.S. Antarctic Research Program since 1993. Balloons are being launched everyday at about 2 hours before 0000 UT and 1200 UT during austral summer (October through midFebruary) and 0000 UT during the remaining months of the year. The radiosondes usually reach the altitude of about 20 km during winter and 30 km during summer at SP, which makes it possible to detect GW characteristics from the troposphere to the lower stratosphere. On 1 August 2001 the South Pole Meteorology Department officially switched to a GPS-based atmospheric sounding system. The equipment consists of Vaisala RS-80 GPS radiosondes and a Vaisala Marwin receiver, which replaced the former radiotheodolite system. This system provides much better wind measurements with consistent accuracy because GPS wind finding is based on the Doppler shifts of the frequency of GPS radio signal instead of triangulation. The relevant information for wind speed and direction computation is sent back by radio signal and the ground equipment computes the wind speed and direction by applying the differential GPS concept with a very high precision (0.5 m/s over 0.5 second averaging time). The old radiotheodolite system not only provides lower accuracy measurement of wind but also suffers from poor accuracy at low elevation angles. Hence we focused on the GPS-based radiosonde data since 2001 in this study. In every sounding, balloon payloads sample temperature T (0.01°C resolution, 0.2°C accuracy), pressure (0.01 hPa resolution, 0.4 hPa accuracy), relative humidity (0.01% resolution, 3% accuracy), and wind (0.5 m/s) every 2 to 3 seconds. The balloons rise at a speed of about 4 m/s, making measurements at time interval of 2 to 3 second. Thus the measurements of temperature, dew point temperature, pressure, wind speed, wind direction, and altitude are obtained at a vertical interval around 10 -15 m. High vertical resolution of the balloon data allows us to utilize this data to analyze GWs with very short vertical wavelength (on the orders of tens of meters) over SP. To give an illustrative example of soundings over SP, Figure 1a presents a set of temperature profiles from the first day of each month of 2003. The most common feature of these profiles is a strong inversion layer near the surface. Most of the profiles are terminated before reaching 20 km during winter, and during summer, they extend to above 30 km. Table 1 shows the average number of profiles per each month available for deducing GW information in different altitude ranges after quality control and data loss due to filtering. It can be seen that in the worst month July, there were over 8 profiles useful between 10 and 15 km and over 6 profiles useful between 15 and 20 km. Above 15 km, there was too little available data to robustly determine the statistics of GW variation. Tropopause height varies between 8 km and 10 km with indistinctive thermal tropopause during polar nights. The wiggles in the stratosphere have larger amplitudes than those in the troposphere and are likely due to growth of GW perturbations because of exponential decrease of atmospheric density.
[5] Before processing the data, a quality control is performed to exclude unrealistic data, and discard profiles with large gaps due to loss of measurements during the ascent of balloons. The total discarded data is a very small portion (less than 1%) of all the available profiles. The qualitycontrolled profiles with vertical interval of 10 meters were then interpolated to get a uniform 20 m vertical interval for easy processing. In addition, some soundings provide measurements within physical range but with sharp spikes, which are unlikely correct measurements due to its huge gradients of atmospheric variables. For example, some The data loss due to the filtering process in GW extraction has been included. profiles have extremely high or low temperature in a short vertical range and return to normal temperature range outside of that section. Even when these spikes are physical, they are not linear GW perturbations because of their superadiabtic lapse rates and huge amplitudes. Hence segments of sounding with such sharp spikes were also discarded in the extraction of GW perturbation to avoid enormously large GW variance.
[6] Our first step is to separate GW perturbations from non-GW perturbations in the balloon sounding. Correctly extracting GWs from these vertical profiles is essential for the validity of this study. Many studies [e.g., Allen and Vincent, 1995] used polynomial fits to define the background and treated the residual as the GWs. In the work of Pfenninger et al. [1999] , the GWs were derived by subtracting the polynomial fits of the residuals, which were generated by removing the background structure using a Hanning window in time and vertical domain from raw profiles, from the residuals. These methods were designed for different purposes and all have certain advantages and disadvantages. In this study, we want to separate GWs from both the mean state and synoptic disturbances with a consistent criterion. Thus we will follow Pfenninger's method to obtain the background information of synoptic activity, then apply a high-pass filter to extract GW perturbation. The difference of our approach from that of Pfenninger et al.'s [1999] is in the second step. After removing synoptic background structure, instead of using a polynomial fit, we use a Lanczos filter to explicitly extract GW perturbation in the vertical wavelength range of 200 -5000 m. Our assumption is that each measured profile of temperatures and winds (T, u, and v) is a simple superposition of GW perturbation (T 0 , u 0 , and v 0 ) on a background (T0, u0, and v0). The background structure includes all non-GW fluctuations such as seasonal variations and synoptic disturbances. After the quality control, the raw profiles were smoothed temporally and vertically with a two-dimensional Hanning window to obtain the major part of the background structure. We used the same two-dimensional Hanning window described by Pfenninger et al. [1999] 
[7] The Hanning window was applied in the time-space domain as a weighted average centered at each measurement sample. The choice of a and b affects the residual GW energy and the robustness of the background structure. Increasing the window widths improves the robustness to signal dropout during winter. However, if a and b are too large, less information of synoptic disturbances are included. The choice of a and b is based on various experiments. We chose different b values ranging from 3 days to 2 weeks and plotted the residual structure in the height-time cross section. By examining the contour of the residual structure, we find that b = 5 days removed most of the synoptic structure. Our profile length determines the upper bound of vertical window width. Limited profile length requires a being relatively small comparing to the length of data. The lower bound of a is constrained for the elimination of synoptic activity. Combining the above two factors, we chose a = 2 km. After testing various values, we found b = 5 days and a = 2 km are the most suitable half width. Although most of the synoptic variations have been accounted for by the above smoothing, some small synoptic structures remain in the residual profiles. This is because on the one hand, some synoptic activities have short vertical structures and on the other hand, synoptic activities with larger vertical scales can still have high wave number components. To remove the remaining synoptic structure a low-pass Lanczos filter was used to smooth the residual profiles obtained by subtracting the Hanning smoothed profiles from the raw profiles. We consider the sum of this smoothed residual profiles and the Hanning smoothed profiles as the background. The GW perturbation was defined as the raw profile subtracted by the total background structure. To use a Lanczos filter for uniform interval, the difference between the original data and the major part of background structure were interpolated to a grid of 20 m interval. The upside of using a Lanczos filter rather than a Hanning window or polynomial fit is that we can know clearly which frequencies have been filtered out. The downside of this method is that it requires data at both ends, which makes GW perturbation profile shorter than original profiles. Lanczos filtering is a Fourier method of filtering which features the application of ''sigma factors'' that significantly lessen the amplitude of the Gibbs oscillation [Duchon, 1979] . For unit sampling interval the weight function is
where is the cutoff wave number and the sinX/X term is called the ''sigma factor'' by Lanczos [Duchon, 1979] . Considering that most radiosondes in austral winter can only reach 20 km even under favorable conditions, the cutoff vertical wavelength of Lanczos filter is chosen to be 10 km. With more terms included, the transfer function is closer to a step function. However, including more terms also means a sacrifice in final length of smoothed series. Considering the common profile length in the winter is mostly between 15 km and 20 km, we choose a 501-term (n = 250) filter with 20 m interval. Thus the resulting smoothed profile will lose 5 km at each ends and will be 10 km shorter than the original profile. In the worst case, we can still get enough gravity wave disturbance profiles between 10 km and 15 km, which guarantee a continuous time series of gravity activity variance in the lower stratosphere. Figure 1b shows the transfer function of a Lanczos high-pass filter with cutoff wavelength = 10 km. Figure 1c shows an example of applying a Lanczos filter to the difference between the raw profile and synoptic background. Figure 1d shows an example of gravity wave temperature perturbation profile by removing the smoothed (1) longer vertical wavelength component. Figure 1d shows that by applying the filter, the slowly varying part of the perturbation, which are unlikely waves, is removed from the profile. The extracted GW perturbations are mainly in the wavelength range 200 m (limited by the noise level of the GW spectrum) to 5 km (limited by the length of the profiles).
Seasonal Variation of GW Activity and Background Atmosphere
[8] To interpret the seasonal variation of GW activity, the background atmospheric environment must be examined first because it strongly influences the propagation and dissipation of GWs. Temperature affects the static stability, which determines the natural frequency of buoyancy oscillation, affects the direction of propagation, vertical wavelengths of GWs, and may cause wave ducting [Fritts and Alexander, 2003] . Low stability environment is more likely to be unstable with passing GWs therefore could enhance wave dissipation. Horizontal winds can Doppler shift the intrinsic frequency and modify vertical wavelength of propagating GWs. Therefore Doppler shifting can introduce apparent GW activity variation observed by a certain platform when waves outside of the observational filter are shifted into the range visible to the observation platform, and vice versa. Under certain configuration of horizontal wind shear, upward propagating GWs are selectively filtered by wave saturation and breaking according to their phase speeds as they approach their critical levels. Strong vertical wind shear would favor dynamical instability thus help GW to break [Nappo, 2001] . The 5-year mean background temperature, wind speed and direction, and buoyancy period are shown respectively in Figures 2a, 2b, 2c and 2d. First, the background atmospheric fields of each year were calculated by binning observed atmospheric variable profiles to 1 km section and averaging over one week to deal with the fact that less data are available above 20 km during the cold seasons. Because balloons explode at a much lower altitude due to extreme cold temperature during winter, the measurement of atmospheric variables only reaches around 25 km even in favorable conditions in winter. Though only 1 -2 profiles per week can reach above 25 km, we can still get contour up to 25 km by binning profiles to 1-week window. Then, the 5-year mean field was obtained by averaging the yearly fields with at least three years of data. In the lower stratosphere, the coldest temperature occurs at about 20 km during winter whereas during summer the temperature minima occur at 8 km, the tropopause. From September to December, a warming trend moves downward from the upper stratosphere. An accompanying band of short buoyancy period moves downward during this period (Figure 2d ). This increase of static stability in 15-25 km may slow down the vertical propagation of GWs in September and may partially explain the enhancement of GW potential energy during the spring as found by Yoshiki and Sato [2000] . This cannot explain the enhancement of GW activity in 10-15 km region, where stability decreases during austral summer and fall. Figure 2b shows that the wind above 25 km is generally stronger than in the troposphere, and the wind is very weak wind in the lower stratosphere. Strong winds from the upper stratosphere extend downward during austral winter and spring. Especially during the spring, wind speeds above 20 km are prominent. In the lower atmosphere, the wind direction persists around 0 (360)°from the North (the prime meridian).
[9] The intensity of GW activity can be represented by the variance of temperature and wind perturbations. We first examine the GW potential energy (PE = /s 2 is the acceleration due to gravity, N 0 is mean buoyancy frequency. Only in the lower two segments (10 -15 km, 15 -20 km), a continuous time series of GW KE is available throughout a year because in winter most radiosondes reach only around 20 km. Even though for the section of 20 -25 km GW KE are unavailable in four months out of a total number of 60, its mean seasonal cycle can still be obtained for this altitude region. Figure 3a shows GW PE and KE averaged over 2001 -2005 for each calendar month. They both have a peak in September and a secondary peak around May, which indicates that GW activity over SP is stronger during the early winter and the spring. Similar seasonal cycle of GW activity with a secondary peak at April was observed for waves with vertical wavelength from 2.6 km to 5.1 km by Baumgaertner and McDonald [2007] using radio occultation profiles from GPS in the altitude range over 13-35 km all over Antarctica. The minimum GW activity in the lower stratosphere in December and January will be further discussed later. Figure 3b shows the mean GW KE in 10-15 km, 15-20 km, and 20-25 km altitude range. Unlike the 10 -15 km section which has peaks in May and September, the two higher sections only have one prominent peak around August and September. This may be less reliable due to the fact that there were few profiles qualified to obtain GW information during the cold season as shown in Table 1 . The larger GW KE at higher altitudes indicates the increase of GW amplitudes mainly due to the decrease of atmospheric density. Tropopause height varies between 8 km and 10 km with indistinctive thermal tropopause during polar nights. The strong inversion of tropopause may contaminate the extraction of GW in the altitude range of 10-15 km. To examine its impact, we compared the GW PE computed with data from 11 -15 km with those from 10-15 km, and found no significant difference in both GW KE and PE. GW PE in 10-15 km altitudes generally follows trend of KE, but the peak in September is larger. Interestingly, as shown in Figure 3c , GW PEs in two higher altitude sections are slightly weaker than 10 -15 km. This decrease or nonincrease of GW PE with altitude below 25 km agrees qualitatively with the radiosonde analysis of Pfenninger et al. [1999] .
Gravity Wave Sources
[10] GWs can be generated by various mechanisms such as flow over topography, convection, adjustment processes from unbalanced flow, and frontal activities [Fritts and Alexander, 2003] . In order to alleviate strong westerly bias in the stratosphere, orographic GW forcing on winter midlatitude circulation has been treated in weather and climate models with parameterization of topographic GW drag for decades [McFarlane, 1987; Palmer et al., 1986] . Flow over topography is usually considered an important source for regions near mountain ranges. Recently, generation of GWs by the persistent and strong katabatic wind over topography, especially the steep ice shelves near the Antarctic coast has been simulated using high resolution GCMs [Watanabe et al., 2006] . Through analysis of superpressure balloon observation in the lower stratosphere, Vincent et al. [2007] found generally larger GW momentum flux in the lower stratosphere over regions with steep terrain in Antarctica. Though the topography is relatively flat at SP, it is not too far from either coastal ice shelves or mountain ranges. Thus flow over topography is a good candidate for GW sources. Spontaneous adjustment process is another important source of inertia-GWs and closely related to jet streams [Sato et al., 1999; Yoshiki and Sato, 2000] . Because frontal activities and jet streams are both associated with baroclinic waves [Holton, 2004] , it is relevant to investigate the wave sources' relation with synoptic-scale systems. Several studies have speculated that a large portion of waves in the lower stratosphere over Antarctica are generated by planetary wave breaking in the stratosphere [Hei et al., 2008] based on the springtime maximum of both GW activity and divergence of E-P flux. Since the GWs in the stratosphere above SP generally propagate upward [Pfenninger et al., 1999] , the adjustment processes in the upper troposphere is more important than those in the lower stratosphere to our research. It is impossible to clearly separate adjustment processes in jet stream and synoptic-scale systems. In fact, several studies have simulated inertia-GW generation from the life cycle of a baroclinic wave [O'Sullivan and Dunkerton, 1995; Wang and Zhang, 2007] . Our investigation on GW generation by the baroclinic waves first examined the correlation of GW activity at SP and synoptic-scale systems, then looked more closely into the relationship between GW activity and unbalanced field. Convection is virtually absent in the polar region and thus is not considered a candidate of generation mechanism for waves over SP.
Synoptic-Scale System and Adjustment Process
[11] Synoptic-scale systems can generate GW through various mechanisms. Upper-level jet front systems are usually associated with baroclinic waves and generate inertia-GWs through spontaneous adjustments in unbalanced flow [O'Sullivan and Dunkerton, 1995] . Mesoscale GWs frequently present in the vicinity of jet streaks and to the cold air side of a surface front according to the examination of 13 observed tropospheric GW events by Uccellini and Koch [1987] . Yoshiki et al. [2004] discussed the GW enhancement in a height region of 13-15 km in association with disturbed potential vorticity (PV) fields possibly including synoptic-scale systems. A case study of gravity waves generated by PV disturbances was made by Shibata et al. [2003] . Additionally, strengthened low-level wind caused by synoptic-scale systems can enhance the generation of GWs by flow over topography especially over steep terrains in the coastal regions of Antarctica. Frontal activity and wind shear associated with a synoptic-scale weather system can also contribute to GW generation. Therefore the large-scale flow characteristics related to synoptic-scale systems are relevant to the variation of GW activity over SP. In this section, the relationship between synoptic-scale systems and GW activity over SP is investigated. First, we evaluated the importance of local synopticscale systems at SP to the GW activity in the stratosphere at SP using radiosonde data. The synoptic disturbances in troposphere over SP are extracted by applying a 3-10 day band-pass Lanczos filter on twice-daily data from original radiosondes profiles with interpolation applied during winter time when observation was conducted once daily. The monthly synoptic activity at SP is represented by the variance of these temperature disturbances for each month. We found that at SP, the correlation between synoptic variance in the troposphere and GW variance in 10-15 km is relatively small, only 0.14. This is because low-frequency GWs generated in the troposphere at SP are likely to propagate away from SP, thus would not be strongly correlated to the GW variance observed directly above SP in the stratosphere. Orographic waves generated at SP are directly related to surface wind speed and filtered by background wind shear, which is not directly affected by synoptic activities there. In addition, since a substantial portion of GWs observed at SP are likely generated by nonlocal sources, examining synoptic-scale systems in a broader region over Antarctica is more relevant. Our approach is to use the NCEP Reanalysis daily average data [Kalnay et al., 1996] . to obtain information on synoptic activities by calculating the variance of geopotential height over the latitudes 90S-60S. NCEP Reanalysis data is on 2.5°Â 2.5°grids from 0 E to 357.5 E and 90 S to 90 N at 17 pressure levels from 1000 hPa to 10 hPa. In order to remove high-frequency noise and low-frequency waves, the synoptic disturbances of geopotential height are calculated by applying a 3 -10 day band-pass Lanczos filter on the time series of geopotential height on 700-300 hPa pressure levels for each grid point in 90 S-60 S latitudes. The variance of synoptic disturbance for each month at each grid point forms a time series representing the strength of synoptic activities therein. First, to investigate the relationship between GW activity over SP and synoptic-scale systems in the troposphere in the Antarctic, the correlation between GW series at SP and synoptic activity over the Antarctic were computed for each grid point. The correlation maps between GW kinetic energy (KE), temperature variance in the altitude range of 10-15 km and synoptic activity over Antarctica are shown in Figures 4a and 4b . Obviously, these two maps differ substantially. This is likely because GW temperature perturbation and GW wind perturbation are sensitive to different parts of GW spectrum. GW temperature perturbations are more sensitive to waves with higher intrinsic frequencies. This may also be due to the change in static stability since according to linear GW theory, it is GW potential energy, not GW temperature variance, that is proportional to GW KE. Generally, GW KE demonstrates higher correlation, especially in regions further away from the pole. GW temperature variance has relatively higher correlation in regions close to SP, though the correlation is lower than GW KE. GW temperature variance at higher altitudes has much smaller correlation while GW KE still has relatively higher correlation over regions far away from the Pole (not shown). Lower correlation for both GW KE and GW temperature variance at higher level may be due to the fact that GWs in the middle stratosphere are further away from their source region thus are affected by many other factors such as filtering, dissipation, and additional GW sources in the stratosphere. Based on the above observation, we will focus on the relationships between GW KE in the lowest section (10 -15 km) and synoptic activities. For GW KE in 10-15 km, three high correlation strips extend to the coast of Antarctica along approximately 0 E, 90 W, and the east side of the Antarctic Plateau between 120 E and 150 E. Between 15-20 km, high correlation regions are further away from the pole over the southern oceans with relatively lower correlation comparing to 10 -15 km. This is interesting because it may indicate that GWs at higher altitudes over SP are more likely generated from lower latitudes, possibly from adjustment process of jet streams.
[12] However, high correlation does not mean a causal relationship. If two variables' annual cycles, which can be determined by many factors, are in phase, they will have a high correlation. To verify that the high correlation between GW KE at SP and synoptic activity in some regions are not due to their in-phase annual cycles, the correlations with GW KE was recalculated after removing the mean annual cycles from both GW KE variance and synoptic activity, and are shown in Figure 4c . Though the correlation drops a little, the pattern is similar to the previous correlation map with annual cycle retained. Although the annual cycles of two variables help in part to produce high correlation, the high correlations are partly due to intraseasonal variation and likely have some physical implications of GW source distribution and propagation preference rather than just a manifestation of synchronous annual cycles. There are two possible explanations for the high correlations in these regions. One is related to GW source distribution. It is possible that the high-correlation region is where most GWs at SP are generated, either by wind blowing over the topography near the coast of Antarctica, or by sources in the upper troposphere associated with the synoptic disturbances. The distribution of topographic variance (not shown) shows that these regions are not outstanding compared to other coastal areas. The synoptic activities over these regions are also not prominent compared to the other locations around Antarctica at the same latitude according to the mean variance of geopotential height shown in Figure 4d . There are relatively higher geopotential height variances in high correlation regions comparing to the minimum correlation region over the center of the Plateau. In Figure 5a , Empirical Orthogonal Function (EOF) analysis of synoptic variance shows that EOF 1st component, which explains 31.5% of variance, has the strongest correlation (0.45) with GW KE variance. The EOF 1st component basically resembles the distribution of synoptic variance over Antarctica, with a large weight over the southern oceans in the western hemisphere. The pattern of EOF 1st component does not resemble the correlation map, which shows that the three high correlations regions are independently related with GW KE at SP. If, on the other hand, the patterns were the same, it could be that the GWs were related to the synoptic activity at one location and the rest of the pattern rises from high intercorrelation among these three regions. However, based only on the distribution of synoptic activities, it cannot explain why the correlations are higher at only those three regions rather than following the pattern of the mean synoptic activity distribution. With limited information on the background atmospheric structure, the distribution of GW sources and the intermittence of GW generation, it is difficult to resolve the causes of higher correlation of GW KE with synoptic activities in these regions. The first component of EOF explains 31.6% of total variance; the second component explains 9.5%. EOF 1 of synoptic activity is a good representation of overall contribution of synoptic-scale systems. We can use it as a proxy to get the information of variation of synoptic activity over 90S -60S. The time series of EOF1 has a minimum in summer (December, January and February) which indicates that synoptic activity is weak in summer and so is wave generation by synoptic activity. The time series of EOF1 of synoptic activity also has two peaks in April and August, which is not identical to GW KE's peaks, indicating that other factors affect the strength of GW activity over SP other than synoptic activities over Antarctica. Interestingly, GW potential energy derived from GPS radio occultation data 60S -90S also has a peak for GWs with vertical wavelength <5 km in April [Baumgaertner and McDonald, 2007] .
[13] The other possible explanation is related to wave propagation. It is possible that the background atmosphere, in particular the background wind, favors the waves generated in the high correlation region to propagate to the lower stratosphere over SP. To explore the possible propagation scenarios of GW from tropospheric sources to the lower stratosphere over SP, ray-tracing experiments were conducted using GROGRAT with some modification. The original GROGRAT model [Marks and Eckermann, 1995] was not designed for waves to propagate long horizontal distance and does not include the effects of the Earth's curvature. In order to do ray-tracing from troposphere to lower stratosphere close to the poles, the curvature of the sphere must be considered. Using monthly mean atmospheric temperature, geopotential height, and wind from NCEP reanalysis data as the background field, ray-tracing experiments for each month of 2001 -2005 were performed. GW rays were released at 14 km above the pole and traced back in time for at most five days. For the choice of intrinsic frequency of the waves, we have several considerations. First, there have been various researches showing near inertial frequency GWs' existence in the lower stratosphere [Angell, 1962; Thompson, 1978; Sato et al., 1999; Nastrom and Eaton, 2006] . Especially, in the model study by Sato et al. [1999] , the spectral peak around inertial frequency is indicated as a function of latitude. Second, radiosonde observation is most sensitive to low-frequency wave partly because high-frequency waves having large vertical wavelength, tend to be removed as background in our extraction of GW perturbation. In addition, high frequency waves propagate more vertically, which makes them less likely to originate from regions far away from SP. Therefore in our ray-tracing experiments, wave parameters were specified to be low-frequency waves with intrinsic frequency ranging from 1 f (Coriolis parameter or inertial frequency) to 4 f. As for the vertical wavelength, power spectrum of GW perturbations extracted from SP radiosonde shows that wave energy is much larger in wavelength larger than 1 km than shorter wavelengths. Thus the vertical wavelength of the GW rays in the experiments ranges from 400 m to 4 km. The upper limit of the wavelength is chosen to be close to the cutoff wavelength of our method of extraction of GW perturbation. For each month, about 400 ray-tracing experiments were conducted with permutation of these wave parameters. We define the source of GW as the location where GW rays were traced back to the lower troposphere, but we found no preferred region of GW sources. However, as shown in Figure 6 , the ray-tracing experiments showed that wave propagation from the lower latitudes into SP is difficult in December and January. The percentage of GW rays successfully reach South Pole from lower altitudes (north of 85 S) are generally high from May to October with peaks at June and October. This annual cycle is different from both GW activities over SP and EOF 1 of synoptic activity over Antarctica, especially from April to October. Thus the minimum of GW activity in summer coincides with minimum generation of GW by synoptic-scale systems and unfavorable propagation condition for inertia-GW from lower latitudes. It should also be noted that GWs are actually propagating in an ever-evolving real atmosphere that is much more complex than our monthly mean reanalysis field. Therefore the propagation preference can differ from day to day.
[14] Since a large part of GW generation associated with a synoptic-scale system is by adjustment process in the jet stream level in the upper troposphere, we look more closely into adjustment process. In an adjustment process, an unbalanced flow relaxes to a new balanced state through both a redistribution of mean momentum, energy, and potential vorticity and a radiation of excess energy away as inertia-GWs [Fritts and Alexander, 2003] . It was often termed as ''geostrophic adjustment'', though the balance need not be geostrophic. Jet streams have been repeatedly noted to generate inertia-GW in the vicinity of unbalanced regions in various observational [Guest et al., 2000; Hitchman et al., 2003; Plougonven et al., 2003; Uccellini and Koch, 1987] and numerical simulation studies [O'Sullivan and Dunkerton, 1995; Zhang, 2004] . In these studies, the preferred generation regions were found to be in the jet streak flow upstream ridge/trough and downstream trough/ridge. The excitation mechanism of GW generation is considered as the adjustment process from unbalanced state. Here rather than looking into one specific wave event's relationship with its synoptic setting of jet stream, we examined GW activity's relationship with adjustment processes on a monthly mean basis. Ageostrophic motion is a good representation of GWs or unbalanced region with potential to generate waves. Because synoptic-scale divergence field is mostly related to ageostrophic motion, divergence field at upper troposphere and lower stratosphere is a reasonable proxy for GW generation by geostrophic adjustment. The divergence field is calculated on 300 hPa pressure level at each 2.5°Â 2.5°grid using NCEP 4 times daily reanalysis data for every 6 hours. The monthly mean absolute value of divergence at each grid point represents the strength of ageostrophic motion over a month. The correlation map of GW KE with monthly mean absolute divergence field at 300 hPa is presented in Figure 7a . The highest correlation coefficient is 0.72 at about 90W along the coast of Antarctica with a large area of high correlation (0.5 -0.6) extending pole ward, where is also a high correlation region with the synoptic activity. As expected, the correlation map of GW KE with divergence field is different from that with synoptic activity since adjustment processes do not always collocated with synoptic-scale systems. High correlation between GW KE and geostrophic adjustment implies GWs detected in the lower stratosphere by radiosonde contains a substantial portion of GWs generated by this mechanism. After removing the annual cycle, the correlations drop dramatically with a maximum of 0.36. As we have done for synoptic-scale systems, it is unlikely we can determine the cause of high correlation at the hot spots. Using the wave parameters inferred from hodograph analysis, GWs detected at SP can be traced back to a jet stream close to the pole using corresponding background atmospheric condition on several cases examined (not shown). EOF 1 of the divergence field at 250 hPa is shown in Figure 7b . Time series of EOF 1 of the divergence field, which explains 42.1% of total variance, has a higher correlation of 0.64 with GW KE than synoptic activity and also has a minimum in the summer as shown in Figure 8 , which again shows that GWs generated by adjustment processes is also at minimum in the summer. Stronger correlation with GW KE than synoptic activity indicates that a large portion of inertia-GWs over SP is generated by adjustment processes. In addition, it implies that adjustment processes at jet stream level may be the primary mechanism of GW generation associated with synoptic-scale systems. Polar-front jet is close to Antarctica in the winter thus wave generation near the pole is much larger. During the summer, the mean jet location is around 30S and the waves generated by jet stream are unlikely to propagate into the pole. The midwinter secondary minimum of GW KE may be because that the strong westerly associated with the strong polar vortex inhibits the upward propagation of planetary waves, which in turn decreases the generation of GWs by adjustment process in the polar night jet. Another note is GWs generated by adjustment processes have various propagation direction and are unlikely be fully filtered by background winds. At higher altitude we can find that the annual cycle of GW KE (Figure 3b is very similar to EOF1 of divergence field; figures not shown).
Topographic Gravity Wave
[15] Flow over topography has been studied extensively as a source of GWs. Over mountain ranges, GW variance is usually noticeably larger than regions with smooth terrain [Fritts and Nastrom, 1992] . Though the topography is relatively flat at SP, there are steep terrains near the coast of Antarctica and along the Transantarctic Mountains. Yoshiki and Sato [2000] found that in the Antarctica's coasts GW activity is less correlated with low-level wind than stratosphere winds, indicating that possible source of GWs in Antarctica is in lower stratosphere. Critical-level filtering rather than weak topographic GW generation was found to be the cause of low correlation between low-level wind speed and GW in the lower stratosphere. Vincent et al. [2007] analyzed measurements made by quasi-Lagrangian superpressure balloon suspended at 18 km over the Arctic and Antarctica to estimate GW momentum flux and found generally larger GW momentum flux over regions of steep terrains with waves deduced from quasi-Lagrangian superpressure balloon data. Vincent et al. [2007] attributed the larger GW momentum flux over regions with larger topographic gradient to topographic generation of GWs. In his analysis, Eastern Antarctica and coastal regions are categorized as regions with steep terrain by the threshold of topographic gradient 15m/km and SP is right on the boundary of such region. Thus GWs generated by topography are at least not negligible near SP though its terrain is not as rugged as the coastal areas.
[16] We first examine the correlation of surface wind speed at SP with GW KE using radiosonde data and surface wind observation at SP. The GW KE at 10-15 km correlates well with the surface wind speed at SP with correlation coefficient of 0.64 as shown in Figure 9 . There is also some interannual variation of GW KE as shown in Figure 9 : GW KE is stronger in 2001, 2002, and 2005 . Figure 10 shows the mean surface wind speed from surface wind observation and the altitude at which the mean wind direction is shifted 120°from the wind direction at 1 km above ground using radiosonde data. As shown by Figure 10 , surface wind speed at the SP has a strong correlation with GW KE in the lower stratosphere (10 -15 km), especially in late winter and early spring where peaks of surface wind speed always coincide with peaks of GW KE. This implies some portion of the GWs during winter and early spring, especially in September, may be generated from flow over topography close to the SP. The wind vector rotation with altitude acts as filter for topographic waves as the wind component in the wave propagation direction approaches the ground phase speed of GWs, which is 0 for mountain waves. Above 15 km there is always wind direction rotation of more than 120°f rom the surface wind direction from February to October, thus topographic waves are filtered due to critical layer and cannot reach altitudes above, which explains the difference between annual cycles of GW KE of 10-15 km and 15-25 km. From December to January, topographic GW generation is weak because of weak surface winds. Together with unfavorable background atmospheric condition for wave propagation, the GW activity in the lower stratosphere reaches its minimum. Surface wind speed is enhanced from March to September with a relatively slow period in June. GW KE at SP is at its maxima around May and September when topographic wave generation is enhanced and background atmosphere favors their propagation. Hodograph analyses were conducted for all proper profiles chosen (about half of the total) using the method in the article of [Wang et al., 2006] . A proper profile has at least 4 km GW perturbation profile in the 10-15 km altitude range, and the spectral peaks of each variable (T 0 , u 0 , v 0 ) are close to each other in terms of wavelength. For each profile, the strongest wave packet is identified by S-transform and analyzed to infer wave parameter. From hodograph analyses, the vertical wavelengths inferred for GWs are concentrated in 1 -2 km and the intrinsic frequencies range from 1f to 4f. Previous studies have shown that mountain waves generally have vertical wavelengths much longer than 1 -2 km [e.g., Ern et al., 2004] . The discrepancy can be explained at least partially by the observational filtering. In our study, GWs with wavelength longer than 5 km are precluded by filtering process, and radiosonde data mostly observe inertia-GWs. In contrast, Ern et al.'s [2004] analysis is based on space observation which can only observe the GWs with vertical wavelength longer than 5 km and horizontal wavelength longer than 400 km. The ratio of vertical to horizontal wavelength is on the order of f/N ' 1/100(e.g., intrinsic frequency w = 1.4 f, f = 10 À4 s
À1
, N = 10 À2 s
) for inertia-GWs [Fritts and Alexander, 2003 ]. Most of their observations near Antarctica were around 60 S and composed of GWs with horizontal wavelength around 1000 km, even if they are all inertia-GWs, it is hard to find inertia-GWs with vertical wavelengths close to 5 km because their horizontal scales are large and the typical vertical/ horizontal wavelength ratio of inertia-GWs. From our hodograph analysis, the mean horizontal wavelength from April to October is 60 km and 120 km during the rest of the year. Keeping the large uncertainty of hodograph analysis in mind , the mean wavelength falls into the range of typical horizontal wavelength of mountain waves. The short mean horizontal wavelength indicates that a substantial portion of waves during the winter season may be generated from flow over topography close to the Pole. Indeed, due to the consistency of surface wind direction and strong wind speed near SP, the intermittence of wave generation by this mechanism is relatively smaller than those associated with synoptic activity. Direct observation of orographic wave generation and propagation is crucial for the verification of its role in the lower stratosphere near SP. More observations and mesoscale numerical modeling studies are needed to solve this uncertainty.
How Background Atmosphere Affects GW Energy
[17] The seasonal variation of GW potential energy derived from GPS radio occultation data 60 S-90 S is similar to that of GW KE at SP derived from balloon data, except the peak for GWs with vertical wavelength <5 km from GPS data is in April [Baumgaertner and McDonald, 2007] . This implies that GW KE at SP is a good representation of GW activity in the neighboring regions. Using raytracing experiments and background atmosphere from reanalysis data, Alexander and Vincent [2000] showed that the background atmosphere alone could produce similar seasonal cycle of observation of GW activity in the tropical lower stratosphere with GW sources of no seasonal variation. In this section we will investigate if the variation of GW KE in the stratosphere can be simulated by considering only the seasonal variation of background atmosphere. To explore this possibility, uniform sources without seasonal variations are placed over regions close to the Pole and the ray-tracing experiments were conducted using monthly mean background atmospheric condition. The source altitude is chosen to be 4 km considering the elevation of the inland of Antarctica. For the experiment of each month from 2001 to 2005, the background atmosphere is the monthly mean state from NCEP reanalysis data. The source spectrum is specified as Gaussian source type as in the article of Alexander and Vincent [2000] with background wind set to be 0. The shape of the source spectrum is described by . c is the ground based phase speed and varies from À30 m/s to 30 m/s with 2 m/s interval. Bm is the momentum flux at the peak amplitude and is set as 0.3 m 2 /s 2 . c w = 15 m/s, specifies the source spectrum width in terms of phase speed. The waves in the 10-15 km altitude range with vertical wavelength between 200 m and 5 km were counted in the calculation of simulated GW KE to account for the observational filter of our analysis of radiosonde data. As shown in Figure 11 , the simulated GW KE in the lower stratosphere reaches its minimum in January and February, and peaks in April and October with relatively low GW KE in May. Note that only the relative value of simulated GW KE is meaningful since the absolute value depends on the strength of the source which is set by the experiments. Though the observed GW KE from balloon data agrees with the simulation well with stronger KE in winter and weaker KE in summer it differs from the simulation in that it peaks in May and September, and has a secondary minimum around July as shown in Figure 11 . These differences from the simulated GW KE indicate that the background atmosphere cannot be solely responsible for the variation of GW KE in the lower stratosphere near SP. GW source variation during the austral winter and spring in Antarctica such as those related to synoptic activity is important to interpret the seasonal variation of GW KE in the lower stratosphere over SP.
Conclusion and Summary
[18] Five-year high-resolution radiosondes data were processed to obtain the GW characteristics in the lower stratosphere over South Pole. Our results show that GW perturbations in the lowermost section (10 -15 km) are strongest in May and September and weakest in the austral summer, whereas in the altitude range of 15 -25 km, strongest GW energy is observed only around September. Our analysis suggests that this may be due to topographic waves that contributed to the peaks of GW KE around May and September in 10-15 km. However, at higher altitudes, due to critical-level filtering, topographic waves cannot propagate upward, which makes the shape of GW KE seasonal variation closer to that of adjustment process. We also explored the relationships between the GWs and the synoptic-scale variations in the troposphere and ageostrophic motion in the upper troposphere, which are expected to be significant mechanisms for GW generation. No preferred region was identified as hot spot of wave sources. Synoptic activity and the adjustment processes associated with it possibly determine the basic seasonal cycle of GW variance: stronger in winter, weaker in summer. Further study are needed to verify the generation of waves from relatively small topography, especially numerical modeling studies. Ray-tracing model was used to explore the relationships between GW propagation and background field. The background atmosphere also showed an unfavorable condition in January and February for both horizontal propagation of waves from lower latitudes and upward propagation of waves inside Antarctica. The seasonal variation of background atmosphere cannot explain the seasonal cycle of GW KE based on the results from the ray-tracing modeling of constant GW sources with monthly background atmosphere. Thus the minimum of GW activity at the SP in the austral summer may be due to the combination of weaker generation from synoptic activity, adjustment process, topographic generation and unfavorable background field for GW propagation. The secondary minimum in June may be due to the weaker synoptic activity and topographic generation. During that time, the strong polar vortex that inhibits upward propagation of planetary waves may also reduce the wave generation in the upper troposphere and lower stratosphere. 
